Objective: To evaluate the generation of halogenated fatty acids in the areas of fat necrosis during acute pancreatitis and to evaluate the effects of these molecules on the ensuing inflammatory process. Background: Lipid mediators derived from adipose tissue have been implicated in the progression of acute pancreatitis, although their precise role remains unknown. Methods: Acute pancreatitis was induced in rats by intraductal infusion of 3.5% sodium taurocholate. Fatty acid chlorohydrins (FA-Cl) were measured in adipose tissue, ascitic fluid, and plasma by mass spectrometry. Chlorohydrins were also instilled in the rats' peritoneal cavity, and their effects on peritoneal macrophages activation and in systemic inflammation were evaluated. Finally, they have also been measured in plasma from human patients with acute pancreatitis. Results: Induced acute pancreatitis results in a substantial release not only of free fatty acids but also of the chlorohydrins of both oleic and linoleic acids from adipose tissue. In plasma, only the chlorohydrin of oleic acid was detected. Administration of 250-μM lipid chlorohydrins, which is the concentration found in ascitic fluid, induces the expression of TNFα and interleukin-1β in peritoneal macrophages and increases the systemic inflammatory response in pancreatitis. Finally, increased concentrations of oleic acid chlorohydrin have been found in plasma of human patients with pancreatitis. Conclusions: During acute pancreatitis, adipose tissue release FA-Cl, which exacerbate the systemic inflammatory response.
an important role in the progression of the disease. Fat necrosis is characteristic of severe forms of pancreatitis, and recently we have shown that the areas of fat necrosis are relevant sources not only of cytokines but also of lipid mediators with an important proinflammatory activity. 5, 6 Necrosis of adipose tissue during severe AP is triggered by the lipolytic enzymes released by the pancreas. 7 Around these necrotic areas, there is also a strong inflammatory response characterized by the infiltration of polymorphonuclear neutrophils. 6 These cells abundantly express myeloperoxidase (MPO), an enzyme that catalyzes the generation of hypochlorous acid (HOCl), a potent cytotoxin, from hydrogen peroxide (H 2 O 2 ) and chloride ions. 8 The unusual combination of high pancreatic lipase activity and high concentration of MPO activity, taking place within the adipose tissue during pancreatitis, suggests that halogenated lipids could be generated in these areas. In particular, fatty acid chlorohydrins are a specific class of lipids 9 generated from the oxidation of fatty acids by HOCl.
The biological activities reported for these halogenated lipids include toxicity to endothelial cells, induction of leukocyteendothelial cell adhesion, or lysis of red blood cells 10, 11 In general, these effects are restricted to the site of inflammation. However, during AP, the strong inflammatory environment prevailing in adipose tissue develops together with the release of high levels of pancreatic lipase into the peripancreatic and peritoneal compartment. Consequently, enhanced lipase activity could release the halogenated fatty acids generated in adipose tissue and, as occurs with free fatty acids, they could be accumulated in the ascitic fluid, reabsorbed by the portal system and finally carried on to distal organ systems.
Here, we describe the identification of various fatty acid chlorohydrins (FA-Cl) released by necrotic areas of adipose tissue during experimental AP. In addition to their direct toxicity, these chlorinated fatty acids have a number of proinflammatory effects that could be related with the unusual intensity of the systemic inflammatory response triggered by damaged pancreas. Finally, we also detected the presence of these FA-Cl in plasma from human patients.
METHODS Animals
Male Wistar rats (250-300 g of body weight) were used in all experiments (Charles River, Saint Aubun les Elbeuf, France). Animals were housed in a controlled environment and fed with standard laboratory pelleted formula (A04; Panlab, Barcelona, Spain) and tap water ad libitum. This study conformed to the European Community norms for the use of experimental animals, and the institutional committee of animal care and research approved it. using a perfusion pump (Harvard Instruments, Edenbridge, United Kingdom). The same procedure was applied to control animals but receiving an intraductal perfusion of saline solution (NaCl 0.9%) instead of taurocholate. Three, 6, or 18 hours after induction, samples of pancreas, lung, and peritoneal adipose tissue were obtained, frozen immediately, and stored at −80 • C until assayed. Five milliliters of blood was also obtained from the cava vein, heparinized and centrifuged to obtain plasma. The ascitic fluid present in the peritoneal cavity was also collected, centrifuged, and stored at −80 • C until assayed.
In an additional experiment, a milder pancreatitis was induced using 1.5% sodium taurocholate, and 3 mL of saline solution containing FA-Cl was also administered into the peritoneal cavity. Animals were killed 6 hours after induction.
Lipid Analysis by Mass Spectrometry
Samples were homogenized in phosphate-buffered solution (PBS), fortified with 18,18,18-d3-octadecanoic acid (20 nmol) and extracted with hexane (4 volumes). The organic extract was evaporated and lipids were redissolved in methanol and injected onto a highresolution UPLC-TOF (ultra performance liquid chromatographytime of flight) system for exact mass determinations. Alternatively, lipid extracts were derivatized with Bis trimethylsilyltrifluoroacetamide and injected onto either of the 2 gas chromatography (GC)mass spectrometry (MS) systems. 13 Endogenous levels of FA-Cl were thus quantified by selected ion monitoring (SIM).
The liquid chromatograph-MS consisted of a Waters Aquity UPLC system connected to a Waters LCT Premier orthogonal accelerated TOF MS (UPLC-TOF), operated in the negative electrospray ionization mode. Full-scan spectra from 50 to 1500 Da were acquired, and individual spectra were summed to produce data points each 0.2 seconds. Mass accuracy and reproducibility were maintained by using an independent reference spray via the LockSpray interference. The analytical column was a 100 mm × 2.1 mm internal diameter, 1.7-μm C8 Acquity UPLC BEH (Waters). The 2 mobile phases were phase A: MeOH/H2O/HCOOH (74:25:1 v/v/v) and phase B: MeOH/HCOOH (99/1 v/v), both with 5-mM ammonium formate. A linear gradient was run with the column held at 30 • C. Positive identification of compounds was based on their accurate mass measurements with an error less than 5 ppm and their liquid chromatography retention times than that of a standard (±2%) ( Fig. 3B a,b,c). Calibration curves were prepared by adding different volumes of fatty acid chlorohydrin solutions to afford a range of 1-100 nmol to 0.15 mL of methanol containing 20 nmol of 18,18,18-d3-octadecanoic acid. The detection limit (LOD), defined as the amount of FA-Cl that gives a signal-to-noise ratio of 3, was 45 pmol. On the contrary, the limit of quantification (LOQ), defined as the amount of FA-Cl that gives a signal-to-noise ratio of 10, was 150 pmol.
Gas chromatography coupled to electron impact (70 eV) MS was carried out using a Fisons gas chromatograph (8000 series) coupled to a Fisons MD-800 mass-selective detector. The system was equipped with an HP5 (30 m × 0.20 mm internal diameter) capillary column, which was programmed from 70 • C to 300 • C at 7 • C/min. Analyses were performed in scan and selected ion monitoring modes. 13 For instance, the incorporation of HOCl to the 9,10 double bond of oleic acid results in the formation of 2 isomeric chlorohydrins (the 9-chloro, 10-OTMS 18:0 chlorohydrin and the 9-OTMS, 10-chloro 18:0 chlorohydrin). These are not separated by the GC column and thus the fragmentation pattern shown herein in Figure 7 illustrates the presence of fragments ions arising from α-cleavage around the CH-OTMS group at m/z 263 and 317 and at m/z 215 and 365, depending on the position of this group at either the 9-or 10-carbon atoms on the oleic acid chlorohydrin. The base peak at m/z 73 is from the TMS group and the ion at m/z 463 is from the M-15 cleavage. Calibration curves were prepared by adding different volumes of fatty acid chlorohydrin solutions to afford a range of 5 to 0.05 nmol to 0.15 mL of hexane containing 2 nmol of 18,18,18-d3-octadecanoic acid. Samples were carefully evaporated under a stream of nitrogen to almost dryness, Bis trimethylsilyltrifluoroacetamide (0.01 mL) was added and the mixture was heated at 70 • C for 1 hour. The samples were injected without further manipulation. Using SIM of the previously indicated ions, the LOD was defined as the amount of FA-Cl that gives a signal-to-noise ratio of 3 was 0.12 pmol. On the contrary, the LOQ was defined as the amount of FA-Cl that gives a signal-to-noise ratio of 10 was 0.4 pmol. The 0.12 and 0.4 pmols for LOD and LOQ, respectively, were a significant improvement to the values obtained by high-resolution UPLC-TOF.
Gas chromatography coupled to chemical ionization (CI) MS was used to confirm the chemical structure of the identified metabolites, and it was carried out using a Agilent gas chromatograph (7890A) coupled to a Agilent 5975L mass-selective detector, using methane as ionization gas and the same column and eluting conditions as indicated earlier. Analyses were performed in scan and selected ion-monitoring modes in positive mode CI. Selected ions were those of the molecular ions and their respective M+2 isotopes of their TMS derivatives at m/z 479 and 481 (chlorohydrin of oleic acid); 477 and 479 (monochlorohydrin of linoleic acid).
Myeloperoxidase Activity
Myeloperoxidase was measured using 3,3 ,5,5tetramethylbenzidine as a substrate. Samples were homogenated with 0.5% hexadecyltrimethylammonium bromide in 50-mM phosphate buffer pH 6.0. Homogenates were then disrupted for 30 seconds using a Labsonic (B Braun, Melsungen, Germany) sonicator at 20% power and subsequently snap frozen in dry ice and thawed on 3 consecutive occasions before a final 30-second sonication. Samples were incubated at 60 • C for 2 hours and then spun down at 4000×g for 12 minutes. Supernatants were collected for MPO assay. Enzyme activity was assessed photometrically at 630 nm. The assay mixture consisted of 20-μL supernatant, 10-μL tetramethylbenzidine (final concentration 1.6 mM) dissolved in dimethyl sulfoxide and 140-μL H 2 O 2 (final concentration 3.0 mM) diluted in 80-mM phosphate buffer pH 5.4.
Plasma Determinations
Lipase was determined by using commercial turbidimetric assay kits from Randox (Antrim, United Kingdom) according to the supplier's specifications. Interleukin 6 levels were measured by ELISA, using a commercial kit from Endogen, Thermo Fisher Scientific (Rockford, IL) according to the supplier's instructions.
To generate endogenous FA-Cl, lipids from adipose tissue were extracted using chloroform/methanol, resuspended in Hank's Balanced Salt Solution and treated for 1 hour with 3000 U/L pancreatic lipase (Sigma, St. Louis, MO). Next, the mixture was incubated with a 10-fold molar excess of sodium hypochlorite at pH 6.0 for 1 hour. Finally, the incubation mixture was passed through reverse phase Sep-Pak cartridges (Waters, United Kingdom) to remove the excess of HOCl. Columns were washed with water, followed by methanol and chloroform. The organic solvent (methanol-chloroform mixture) was removed under a stream on nitrogen and lipids were reconstituted in HBBS followed by sonication to form lipid vesicles. 14 Final concentrations of fatty acids and FA-Cl were evaluated by MS.
Administration of Chlorohydrins
To evaluate the involvement of chlorohydrins in the inflammatory effects induced by fat necrosis, 3 mL of saline solution containing FA-Cl (250 nmol/mL) was injected into the peritoneal cavity of male Wistar rats (control or after induction of mild pancreatitis). This concentration was equivalent to that measured in ascitic fluid after pancreatitis induction. The same volume of nonchlorinated lipids was administered as a control group. Three hours later, peritoneal macrophages were obtained to evaluate the changes in the expression of inflammatory mediators.
Peritoneal Macrophages Culture
Peritoneal macrophages were harvested by 5 peritoneal washes with PBS (10 mL) containing heparin. The cell suspension was centrifuged and the cells were then suspended in RPMI1640 culture medium containing 10% fetal calf serum, 2-mM glutamine, penicillin (100 U/mL), and streptomycin (100 μg/mL). Aliquots of 500,000 cells were plated in 24 wells plates and cultured at 37 • C under a gas phase of air/CO2 (95:5).
RNA Isolation and Reverse Transcription-Polymerase Chain Reaction
Total RNA from cells was extracted using the TRizol reagent (Invitrogen, Carlsbad, CA). The RNA was quantified by measurement of absorbance at 260 and 280 nm using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).
Complementary DNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA), and reverse transcription was then performed on 1-μg RNA sample by adding iScript reagents. The reaction was incubated at 25 • C for 5 minutes, 42 • C for 30 minutes, and 85 • C for 5 minutes and then stored at −80 • C.
Subsequent polymerase chain reaction was performed in a DNA Engine, Peltier Thermal Cycler (Bio-Rad Laboratories) using IQTM SYBRGreen Super Mix (Bio-Rad Laboratories) and the correspondent rat primers: TNFα forward: 5 -AACTCCCAGAAAAGCAAGCA-3 reverse: 5 -CGAGCAGGAA TGAGAAGAGG-3 ; IL-1β forward: 5 -AAAAATGCCTCGT GCTGTCT-3 reverse: 5 -TCGTTGCTTGTCTCTCCTTG-3 glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward: 5 -ATGACTCTACCCACGGCAAG-3 and reverse: 5 -GATCTCGCTCCTGGAAGATG-3 . Reactions were performed in duplicate and threshold cycle values were normalized to GAPDH gene expression. The specificity of the products was determined by melting curve analysis. The ratio of the relative expression of target genes to GAPDH was calculated by using the C(t) formula.
Histological Study
For histological studies, samples of adipose tissue were fixed in 10% neutral buffered formalin, paraplast-embedded, cut into 5-μm thick sections, and stained with hematoxylin-eosin according to standard procedures. Sections were evaluated by light microscopy.
Immunohistochemistry
Briefly, the sections were deparaffinized, rehydrated, and washed in PBS; treated with 2% hydrogen peroxide; permeabilized with PBS-0.1% Tween 20; and then blocked with 10% fetal bovine serum (FBS)-PBS. Samples were incubated overnight at 4 • C with rabbit polyclonal antibody against MPO (Acris antibodies). Sections were then washed and incubated for 1 hour with biotinylated goat antirabbit antibody (1:200, Vector Laboratories, Orton Southgate, United Kingdom). After additional washes, secondary antibody was detected using the avidin-biotin complex reaction (ABC Elite Kit from Vector Laboratories) and developed with a solution of 0.025% diaminobenzidine tetrahydrochloride in PBS (pH 7.4) and 0.005% H 2 O 2 . Then, sections were dehydrated and mounted in DPX (Sigma, St. Louis, MO).
Patients
Upon approval by the ethics committee at the Hospital General Universitario de Alicante (Alicante, Spain) and written consent, plasma samples were collected within a year, immediately within 24 hours of admission, from patients admitted in the hospital with a diagnosis of AP. This diagnostic was based on at least 2 of the following parameters: amylasemia more than 3 times the upper limit of normal, imaging compatible with AP, and/or abdominal pain compatible with AP. Healthy controls were obtained from hospital staff. Analyses of chlorohydrins were done blindly.
Statistical Analysis
Data have been expressed as mean ± SEM. Means of different groups were compared using a 1-way analysis of variance. Tukey's multiple comparison test was performed for evaluation of significant differences between groups.
RESULTS
Both the pancreatic damage and the resulting inflammatory status characteristics of this model of AP are reflected by high increases of lipase activity and IL-6 in plasma (Figs. 1A, B ), the accumulation of pancreatitis-associated ascitic fluid (PAAF) on the peritoneal cavity (Fig. 1C) , and also by the significant increases in MPO activity in pancreas, lung, and white adipose tissue (WAT) (Figs. 1D-F).
Histological analysis of adipose tissue (Fig. 2 ) revealed a strong infiltration of neutrophils after induction of pancreatitis (Fig. 2B ). This infiltration was particularly intense in the border of the necrotic areas of peritoneal adipose tissue (Fig. 2C) . Immunostaining against MPO also showed that infiltrating cells are positive for this enzyme (Figs. 2E, F) . mono-and the bischlorohydrin of linoleic acid (Fig. 3B b,a) in adipose tissue after induction of AP. These chlorinated fatty acids were absent in adipose tissue of control animals but could be detected 3 hours after the induction of pancreatitis, achieving the maximum levels after 6 hours and being the monochlorohydrin of linoleic acid the most abundant (Fig. 4D ). This is a profile similar to that observed for free fatty acids (Fig. 4A ). Oleic and linoleic acid showed higher levels 3 hours and 6 hours after the onset of pancreatitis, whereas levels showed a tendency to return to basal conditions at 18 hours. In ascitic fluid, both fatty acids and their chlorohydrins are present 3 hours after induction and achieve maximum levels at 6 hours. Interestingly, the bischlorohydrin of linoleic acid was the most abundant, whereas the related monochlorohydrin was undetectable (Fig. 4E ). Finally, oleic acid in plasma was the predominant free fatty acid and the only chlorinated species detected was that of the oleic acid chlorohydrin (Figs. 4C, F) .
Fatty Acid Chlorohydrins Activate Macrophages and Promote Inflammation
To evaluate the effect of these FA-Cl, we administered 3 mL of saline solution containing 250 nmol/mL of FA-Cl, or the same amount of unmodified fatty acids, into the peritoneal cavity of control animals. Three hours later, the expression of TNFα and IL-1β was significantly higher in the peritoneal macrophages from animals treated with chlorohydrins than in those treated with unmodified fatty acids (Fig. 5 ). When this experiment was performed in animals with mild AP, we observed that pancreatitis per se results in the activation of macrophages and expression of TNFα and IL-1β. However, the administration of FA-Cl induces an additional increase in the expression of IL1β (Fig. 5) .
This additional increase induced by the administration of FA-Cl was also observed when measuring systemic effects of mild AP. Additional increases in MPO activity in lung and adipose tissue were detected (Fig. 6 ). By contrast, administration of chlorohydrins into control animals has no effect on organ inflammation and only an increase in circulating IL-6 was observed (Fig. 6 ).
Fatty Acid Chlorohydrins in Human Patients
As occurs in experimental pancreatitis, in human patients only the oleic acid chlorohydrin was detected in plasma ( Fig. 7) . This halogenated lipid was barely detectable in controls but showed a clear and significant increase in AP.
DISCUSSION
In addition to pancreatic damage, a characteristic feature of severe AP is the focal areas of fat destruction 7 due to the release of activated pancreatic lipase, and phospholipase. These enzymes disrupt fat cell membranes and split the triglyceride esters within fat cells. Moreover, an intense inflammatory reaction occurs around the areas of fat necrosis, characterized by the accumulation of polymorphonuclear neutrophils and the release of MPO (Fig. 2) . These necrotic areas of adipose tissue generate and release inflammatory mediators that contribute to the progression of the associated systemic inflammatory response. 5, 6 The novel finding of this study is the presence of FA-Cl in adipose tissue, ascitic fluid, and plasma after induction of pancreatitis ( Figs. 3 and 4) . The generation of these molecules is related with the particular conditions that concur during AP. The simultaneous presence of lipase and MPO in adipose tissue is an unusual combination that releases high amounts of both HOCl and free fatty acids, thus resulting in the synthesis of FA-Cl.
This result highlights the importance of adipose tissue and, in particular, the areas of fat necrosis as a source of mediators involved in the systemic effects of the disease. The release of free fatty acids in high amounts due to the lipase activity 15 could have a deleterious effect on cells, but these effects are increased when fatty acids are chemically modified. FA-Cl have higher toxicity 11 and a number of proinflammatory effects 10 that could be nonnegligible if these molecules are released in high enough concentration.
The halogenated fatty acids identified were the mono-and bischlorohydrin of linoleic acid and the chlorohydrin of oleic acid ( Figs. 3 and 4 ). This is not surprising because oleic and linoleic acids are the most abundant fatty acids stored in adipose tissue. Pancreatitis is also associated with the release of free oleic and linoleic acids, being the chlorinated derivatives about 1% of the total free fatty acids released (Fig. 4) .
These FA-Cl could be detected in adipose tissue 3 hours after induction, achieve the maximum levels at 6 hours, and could be detectable but in lower concentrations 18 hours after induction. This kinetics correlates with the levels of circulating lipase (Fig. 1) .
Free fatty acids generated in peritoneal adipose tissue during pancreatitis accumulate into the ascitic fluid and the relative ratios of oleic acid:linoleic acid are similar in these 2 compartments (Figs. 4A, B) . In both compartments (adipose tissue and PAAF), oleic acid chlorohydrin is clearly minoritary; however, the monochlorohydrin of linoleic acid is the most abundant in adipose tissue, whereas the predominant form in ascitic fluid is the bischlorohydrin (Figs. 4D,  E) . The difference in the levels of chlorination between tissue and ascitic fluid suggests that linoleic acid continues being chlorinated after being released into the peritoneal cavity.
By contrast, in plasma we only detected the oleic acid chlorohydrin ( Fig. 4F ). Linoleic acid chlorohydrins are the most abundant in ascitic fluid but are undetectable in plasma. This could be related with the fact that linoleic acid also showed low levels in plasma when compared with oleic acid (Fig. 4C ), suggesting that the metabolic fates of these 2 fatty acids are different. It has been reported that linoleic acid could be easily carried to the hepatocytes while a fraction of oleic acid remains in plasma attached to albumin. 16 In our experimental model, the concentrations of chlorohydrins observed in ascitic fluid are in the micromolar range (30-300 μM). This is of importance because the toxic effects of lipid chlorohydrins had been reported at 25-μM concentration. 10 The concentration observed in plasma was much lower (2-5 μM) but changes in the expression and activity of NO synthase have been reported to be induced by similar concentrations of 2-chlorohexadecanal (2-10 μM). 17 Consequently, the amount FA-Cl released during AP seems to be enough to have relevant effects on the inflammatory status triggered by cytokines or other pancreatic mediators.
To evaluate the possible involvement of FA-Cl on the progression of the inflammatory systemic process associated with AP, we generated chlorohydrins by treating the lipid extract of adipose tissue with lipase plus HOCl. Thus, the resulting mixture of FA-Cl was similar to that generated during pancreatitis. Administration of 250 μM of these halogenated molecules in the peritoneal cavity of control animals results in the induction of TNFα and IL-1β RNA expression in peritoneal macrophages. This activation was similar to that observed after induction of mild AP. However, when chlorohydrins were administered together with the induction of pancreatitis, activation of macrophages was higher, in particular, the expression of IL-1β ( Fig. 5 ). On the contrary, no changes were observed in MPO activity in lung, pancreas, or adipose tissue after administration of chlorohydrins into control animals, and only an increase in circulating IL-6 was detected (Fig. 6) . These results indicate that although chlorohydrins could induce local effects on inflammatory cells, these are not enough to induce a systemic inflammatory response.
However, when we induced a milder pancreatitis and simultaneously overloaded the peritoneal cavity with FA-Cl, the systemic inflammatory response was potentiated. The increases in MPO activity in both adipose tissue and lung induced by mild pancreatitis were significantly enhanced by the administration of chlorohydrins ( Fig. 6 ) and achieved levels similar to those found in severe pancreatitis ( Fig. 1) .
These results emphasize the importance of fat necrosis on the progression of severe AP. It is well known that adipose tissue releases free fatty acids during AP and contributes to the hyperlipemia associated with the disease. It has been recently reported that fatty acids released during pancreatitis contribute to the systemic inflammation and are involved in multisystem organ failure exacerbating the severity of the disease. 18 Our results indicate that a percentage of these fatty acids are modified by the action of MPO, thus resulting in higher toxicity and inflammatory activity than with unmodified free fatty acids.
Chlorohydrins are absent in normal conditions but have been found in some inflammatory processes, such as atherosclerotic plaques, and they seem to contribute to some effects of the inflammatory response. 19 Our results indicate that FA-Cl are also generated during pancreatitis, and their presence could increase the systemic inflammatory response associated to this disease.
Finally, we analyzed the presence of FA-Cl in the plasma of patients with AP on the first day of admission. As it occurred in experimental animals, the only chlorohydrin detected in plasma was the oleic acid chlorohydrin. This halogenated lipid was barely detectable in controls but showed a significant increase in AP (Fig. 7) . This indicates that the presence of chlorohydrins is not restricted to experimental models but also occurs in the clinical disease and highlights the interest of future studies focused in the relevance of chlorohydrins in clinical pancreatitis.
In conclusion, we report the presence of FA-Cl during AP. These halogenated lipids are generated in adipose tissue because of the combination of high MPO and lipase activities. These FA-Cl do not seem to act by inducing the systemic inflammatory response but by exacerbating the inflammatory response triggered by pancreatitis. Altogether, the experimental data support the importance of lipotoxicity in the progression of AP and the role of halogenated lipids in this pathology.
